C ytokinin (CK) is a classical phytohormone. It regulates cell growth, cell differentiation, apical dominance, and leaf senescence. It can be classified into two types, adenine and phenylurea. Adenine-type CKs (zeatin, kinetin, and 6-benzylaminopurine) are synthesized mainly in roots by multiple enzymes, including an adenosine phosphate-isopentenyltransferase (IPT), which acts in the first biosynthetic reaction (13, 14, 16) . Some plant-pathogenic bacteria (such as Agrobacterium) containing ipt genes can also synthesize CK and so affect their host plant's growth and development (1, 2) . CK can also be produced by recycled tRNAs in plants and bacteria (25) .
CK is required for the symbiotic interactions between leguminous plants and rhizobia (a group of mutualistic soil bacteria) and for the formation of nitrogen-fixing root nodules (20, 23, 27) . The Lotus japonicus HIT1 (encoding a sensor kinase gene of CK) null mutant does not form root nodules (20) . In a model rhizobium, Sinorhizbium meliloti, mutants lacking nodA and nodB failed to produce active nodulation factors (Nod factors), so no root nodules formed on the host alfalfa (Medicago sativa). However, overexpression of a foreign ipt gene in these strains was found to rescue this deficiency (8) .
Drought tolerance is an important agronomic trait among land crops. This trait can be enhanced by constructing a transgenic plant that overexpresses an IPT gene. The plant then synthesizes more zeatins and experiences delayed leaf senescence (13, 19, 24, 31) . However, it is unclear whether S. meliloti overexpressing ipt can produce more zeatins and thus improve the plant's drought tolerance. In this study, two S. meliloti strains expressing a foreign ipt gene (engineered S. meliloti) were constructed and inoculated onto alfalfa seedlings. After a 4-week inoculation and drought treatment period, the zeatin content, plant biomass, nodulation kinetics, nitrogenase activity, accumulation of reactive oxygen species (ROS), and expression of antioxidant genes were analyzed.
The alfalfa plants inoculated with the engineered strains exhibited superior drought tolerance, and a preliminary study into elucidating a possible mechanism was performed.
MATERIALS AND METHODS
Bacterial strains and plant materials. Sinorhizobium 1021 and derivative strains were grown in LB/MC (LB containing 2.5 mM CaCl 2 and 2.5 mM MgSO 4 ) medium supplemented with 500 g/ml streptomycin and 100 g/ml neomycin at 28°C. The cultures were shaken overnight at 200 rpm. Alfalfa (Medicago sativa cv. Xinjiang) plants inoculated with rhizobia were grown as described by Wang et al. (29) .
Construction of engineered S. meliloti. The ipt gene from Agrobacterium tumefaciens C58 was amplified with primers P1 and P2 (Table 1) , digested with restriction enzymes NdeI and PstI (BioLab), ligated into pSRK-Km with T4 DNA ligase (TaKaRa, Dalian, China), and transformed into Escherichia coli DH5␣ competent cells (15) . The colonies carrying the recombinant plasmid were screened on an LB agar plate containing kanamycin. The recombinant plasmids were extracted using a plasmid extraction kit (Transgen, Beijing, China) and identified using PCR, NdeI and PstI digestion, and DNA sequencing (Invitrogen, Shanghai, China). The ipt gene was under the control of a lac promoter called plac-ipt (18) . The recombinant plasmid was transferred into S. meliloti 1021 by conjugation with the help of MT616/pRK600, resulting in strain LMG201 (17) . The plasmid pTZS (controlled by a trp promoter) was transferred into Rm1021, resulting in strain LMG202; Rm1021 carrying an empty vector (pSRK-Km) was used as a negative control (8) . These Sinorhizobium strains were inoculated onto alfalfa seedlings.
Severe drought treatment. Fifteen alfalfa plants inoculated with rhizobia were grown in barrels (50 cm in diameter) in a greenhouse (29) . The plants were watered with 80 ml of Jensen's liquid medium per barrel per week. After 4 weeks, alfalfa plants were not watered with Jensen's medium; this represented extreme drought (24) . The plants were photographed every day, and fresh and dry weights were measured.
ROS assay. DAB (3,3=-diaminobenzidine) staining was used for ROS assays (26) . Four weeks after inoculation, alfalfa plants were subjected to 4 days of severe drought. Then, their leaves were picked and immersed in a DAB solution (80 ml of Jemson's solution plus 10 ml of 100 mM mentholNaOH plus 10 ml of 1% DAB-HCl) for 1 h. They were then washed 3 times with 95% boiled ethanol. The color of the leaves was observed under an optical microscope (Leica, Germany). Pictures were taken using a digital camera (Nikon, Japan).
RT-PCR assay of ipt and antioxidant enzyme genes. Primers for A. tumefaciens C58 ipt, S. meliloti rpsF, and the Medicago sativa genes homologous to SOD, CAT, sAPX, thylAPX, DHAR, MDHAR, GR, GPX, and actin were designed and synthesized by Invitrogen (Shanghai, China) and used in reverse transcription (RT)-PCR (11, 24, 30) . The total RNA from freshly collected rhizobia (optical density at 600 nm [OD 600 ], 0.8) and 3-week-old root nodules collected 4 weeks after inoculation of roots and leaves were extracted using RNA extraction and purification kits (Transgen, Beijing, China). The total RNA was reverse transcribed as cDNA with a TaKaRa reverse transcription kit (TaKaRa, Dalian, China). RT-PCR was performed according to the protocol provided with a PrimeScript RT reagent kit (TaKaRa, Dalian, China). All primers are listed in Table 1 .
Zeatin content assay. An extraction and quantification protocol for CK was carried out as described by Pan et al. with some modifications (21) . The supernatant of 50 ml rhizobial LB/MC cultures was prepared by centrifugation at 13,000 ϫ g for 10 min at 4°C. Then, 0.5 g of fresh tissue per sample was ground in 5 ml of a mixture of 2-propanol, H 2 O, and concentrated HCl at a ratio of 2:1:0.002 by volume. After centrifugation, supernatants were subjected to quadrupole time of flight chromatography/mass spectrometry (Q-TOF LC/MS) analysis (6520 Accurate-Mass Q-TOF LC/MS; Agilent). Purification and analysis conditions were as follows: column, Zorbax Extend-C18, 4.6 mm (internal diameter) by 50 mm, 1.8-m pore size; 5-l injection; flow, 0.2 ml/min; flow phase, A ϭ 0.1% FA H 2 O, B ϭ 0.1% FA menthol; detection wavelength, DAD, 210, 254, 280, 320, 360, 226 nm; mass range, 50 to 400; nebulizer pressure, 40 psig, drying gas, N 2 350°C, 9 liter/min, ESIV cap 3,500 V; capillary, fragmentor 160 V, skimmer 65 V, Oct RFV pp750V; and scanning mode, negative ms scan mode 2 GHz Ext Dyn (1700).
RESULTS

CK produced by engineered
Sinorhizobium under free-living conditions. The growth of engineered strains was analyzed in the complex medium. As shown in Fig. 1A , the growth curve of . Data from three independent experiments. Control, S. meliloti 1021 carrying an empty plasmid; LMG201 and LMG202, S. meliloti 1021 expressing constructs of P lac -ipt and P trp -ipt, respectively. The t test was performed for the results in panel C; a single star indicates significant differences (P Ͻ 0.05); two stars indicate highly significant differences (P Ͻ 0.01). LMG201 was identical to that of the control strain. The growth of LMG202 increased after 36 h of incubation (Fig. 1A) . These data suggest that the ipt gene on the plasmid does not suppress the growth of S. meliloti under free-living conditions. To determine whether the ipt gene carried by the plasmid is expressed in free-living rhizobia, total RNA was extracted and RT-PCR was performed. No ipt transcript was detected in the control strain (Fig. 1B) . This was consistent with the genomic data of S. meliloti 1021 (9) . Unlike what was observed for the control, the introduced ipt gene was transcribed in the engineered rhizobia LMG201 and LMG202. The level of ipt transcription was lower in LMG201 than in LMG202 (Fig. 1B) . This suggests that the introduced ipt gene is expressed in engineered S. meliloti strains.
To verify that the transcription of ipt is correlated with CK biosynthesis, zeatin content was assessed using Q-TOF LC-MS. Although S. meliloti 1021 does not contain a gene homologous to ipt, the control strain still synthesized and secreted a small amount of zeatin under free-living conditions (Fig. 1C) . In contrast, the two engineered strains produced 2.6 and 4.3 times the zeatin produced by the control strain (Fig. 1C) . This was consistent with the level of transcription of the ipt gene (Fig. 1B) . From this, it can be concluded that the genetically modified S. meliloti synthesized more CK under free-living conditions than the control strain did.
Effects of genetically modified S. meliloti on alfalfa tolerance to extreme drought stress. Because transgenic plants overexpressing an IPT gene are usually tolerant to severe drought, the tolerance of alfalfa plants to drought after a 4-week inoculation with engineered strains was evaluated (13, 19, 24, 31) . After a 4-week inoculation and incubation period, the alfalfa plants were similar in appearance under ordinary conditions ( Fig. 2A) . From the beginning of the 5th week, these plants were subjected to severe drought (no watering). After 3 to 4 days, alfalfa plants inoculated with the control strain started to wilt. After 6 days, these plants were completely wilted. However, plants inoculated with the engineered strains were only partially wilted after 6 days (Fig.  2B) . After the drought treatment, all plants were rewatered. Alfalfa plants inoculated with engineered strains regained full or partial turgor, but those inoculated with the control strain did not recover and died (Fig. 2C) .
Before drought treatment, the biomass (fresh weight) showed no apparent difference across alfalfa plants (both shoots and roots) inoculated with each rhizobial strain ( Fig. 3C and D) . However, the fresh weight of alfalfa plants inoculated with LMG202 was significantly higher than that of plants inoculated with the control strain after drought treatment (Fig. 3C and D) . The dry weights of all alfalfa plants were almost identical (whole plant, 0.041 Ϯ 0.004, 0.044 Ϯ 0.002, and 0.041 Ϯ 0.002 g/plant; leaves, 0.026 Ϯ 0.002, 0.028 Ϯ 0.001, and 0.028 Ϯ 0.001g/plant). Therefore, the water content of alfalfa plants with treatment of extreme drought was about 50%, 30%, and 5% after inoculation of the control and two engineered strains, respectively. These data suggest that alfalfa plants inoculated with engineered S. meliloti may maintain water content more effectively than control plants under drought stress conditions.
Effects of engineered S. meliloti strains on nitrogen fixation. The transcription of ipt in bacteroids was first analyzed by RT-PCR. The transcript of ipt was detected in bacteroids of both engineered strains, but no transcript was observed in the control bacteroids (Fig. 4A) , indicating that the ipt gene carried by the plasmid is transcribed in the bacteroids of alfalfa nodules.
To determine whether S. meliloti expressing an introduced ipt gene affects nodulation and nitrogen fixation in alfalfa, nodulation kinetics and nitrogenase activity were assessed. The number of nodules induced by the two engineered strains in alfalfa at 4 weeks postinoculation was a little lower than in controls (13.3% and 12.5%) (Fig. 4B) . However, a few large nodules were observed on some alfalfa plants inoculated with both engineered strains, and the average fresh weight of nodules per plant induced by each strain was not significantly different (0.005 Ϯ 0.002, 0.0052 Ϯ 0.001, and 0.0049 Ϯ 0.001 g/plant). Therefore, there was no significant difference in the nitrogen-fixing capacity of alfalfa nodules hosting the two rhizobium strains (Fig. 4C) . This indicated that the transcription of the introduced ipt gene in S. meliloti does not affect the nitrogen-fixing capabilities of inoculated alfalfa plants.
Because drought stress induces premature senescence and suppresses nitrogen fixation in leguminous nodules, it seemed likely that engineered strains might delay this process (10) . Alfalfa nodules hosting the control strain appeared pale pink or gray after drought treatment and during rewatering, but those exposed to the engineered strains were completely pink. The nitrogenase activity of alfalfa nodules elicited by the control strain was also significantly lower after drought stress and even after rewatering than in plants not subjected to drought (by about 50% and 90%, respectively) (Fig. 4C) . The nitrogenase activity was only a little lower (by about 10% and 15%, respectively) in nodules containing LMG201, but it was not decreased in nodules containing LMG202 (Fig. 4C ). This suggests that engineered S. meliloti strains delay the premature senescence that can be induced in alfalfa nodules by drought stress and maintain nitrogenase activity.
CK biosynthesis, accumulation of ROS, and expression of antioxidant genes in alfalfa leaves. The drought tolerance of alfalfa plants inoculated with engineered strains inspired us to assay the level of CK in alfalfa nodules and leaves. The zeatin levels were found to be slightly increased (17.79% and 13.97%) in alfalfa leaves inoculated with engineered strains, but no difference was observed in root nodules (Fig. 3A and B) .
It has been reported that CK delays leaf senescence by upregulating the expression of antioxidant genes, causing decomposition of the reactive oxygen species (ROS) induced by drought stress (24) . For this reason, the level of H 2 O 2 in alfalfa leaves subjected to drought stress was tested by DAB staining. Our results showed that less H 2 O 2 accumulated in leaves of alfalfa plants inoculated with the engineered strains than in those of controls (Fig. 5A) . The transcription of ROS-scavenging enzymes was analyzed by RT-PCR. Consistently, the transcripts of SOD, CAT, sAPX, thylAPX, DHAR, MDHAR, GR, and GPX were all higher in leaves of alfalfa plants inoculated with LMG202 after 4 days of drought treatment than in the control strain (Fig. 5B) . These results suggested that the inoculation of the engineered S. meliloti strain probably promoted decomposition of ROS by increasing the expression of antioxidant enzymes.
DISCUSSION
It has been reported that engineered rhizobia expressing foreign indole-3-acetic acid (IAA) biosynthetic genes can cause host plants to form fewer, larger nodules and so improve their tolerance to salt and low-phosphate stresses (3) (4) (5) (6) . However, there has not yet been a description of the effects of engineered cytokininproducing rhizobia on the tolerance of host plants to abiotic stresses. In this study, we described that engineered Sinorhizobium strains synthesized more CK and improved host tolerance to severe drought stress during the period analyzed. The production of zeatins from Bradyrhizobium japonicum was first determined 4 decades ago (22) . Here, the wild-type S. meliloti was also found to synthesize zeatins (Fig. 1C) . These zeatins are probably derived from tRNA molecules, as indicated by the fact that no gene homologous to ipt was found in the genomes of symbiotic Rhizobium species (25) .
Cytokinin is required for the formation of leguminous nodules (18, 21, 25) . The slight decrease in the number of alfalfa nodules induced by engineered strains (Fig. 4B ) may be due to the modification of the cytokinin-auxin balance (5, 23) . It has been reported that overproduction of IAA by Rhizobium can reduce the number of Medicago nodules (6) . And CRE1-dependent inhibition of PINs changes the polar transportation of auxins (CRE1 is a sensor kinase of CK, and PINs are the transporters of auxin [12, 23, 28] ).
The lack of any significant difference in nitrogen fixation capacity and growth of alfalfa plants during the period analyzed suggests that larger nodules fix nitrogen more efficiently (Fig. 2A,  3C and D, and 4C). The use of our engineered S. meliloti strains might not affect the yield of alfalfa plants under the conditions tested. Longer-term studies must be performed to confirm this.
The high nitrogenase activity of alfalfa nodules hosting engineered strains under severe drought conditions (Fig. 4C) could be attributed to the delay of leaf senescence. By maintaining leaves, photosynthate may thus be provided to nodules. It is possible that the synthesized zeatins are transported from nodules to leaves, which may increase the level of this phytohormone in leaves.
The increase in zeatin content from plants inoculated with engineered strains was determined by both immunological and chromatographic methods and may play a key role in alfalfa tolerance to severe drought stress by increasing the expression of scavenging genes and fostering the decomposition of ROS (Fig. 5) . These data are consistent with those from a study of transgenic plants expressing an ipt gene (24) . The increased concentration of zeatins in alfalfa leaves could also be attributed to synthesis by colonized engineered strains, considering that Chi et al. reported that S. meliloti lives freely in the plant roots, stems, and leaves (7) .
In summary, the engineered Sinorhizobium strain carrying different ipt constructs secreted more CKs. They did not affect the ability of alfalfa nodules to fix nitrogen, but they did improve host tolerance to severe drought stress during the period analyzed. This engineered Rhizobium strain has shown potential for development as a new biotechnological approach to improving the tolerance of host legumes to abiotic stresses.
